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PEOPBLLUH EOTATIOH; HOI SI DUB TO TOSfTJl AID THlUST 

By Arthur ?. P ern in g 

SUMMARY 

Sound pressures of the first four harmonics of rota^ 
tion noise from a full-scale two-blade . propeller were 
measured aiid.are compared with values calculated from 
theory* The comparison is made (l) for the space dis tri~ 
hut i on with constant tip speed and (3) for fixed space, 
angles with variable tip speed. • 

A relation for rotation noise from an element of ra- 
dius developed by .$utin is extended to cover the : entire 
propeller disk. Curves are given showing the effect of 
ntimber of blades on the rotation noise* 



IHTROBUCTIOH 



Propeller noise can, in general, be divided into two 
classifications: (l) rotation noise and (2) vortex noise. 
The first is by far the more intense. She second, as the 
name implies, is due to the sfiedding of vortices from the 
blades; and its intensity and frequency spectrum probably 
depend on angle of attack, velocity, air turbulence, blade 
chord, and shape of the blade sections from hub to tip. 

The rotation noise is due to the pressure wave envel*- 
oping each blade and moving with it ; the vortex noise-is 
due to pressure variations on the blade as a result , of 
variations of circulation. It may be simply stated that 
the rotation noise is due to the constant air force on the 
blades and that the vortex noise is due to the vortices 
shed in the wake. 

The rotation noise may be further divided into the 
rotation noise due (1) to torque and thrust and (2) to 
blade thickness. The second case has been treated in a 
previous paper (reference 1). The effect of thickness on 
rotation noise is small except for the higher harmonics 
and small angles of attack.' 
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The propeller rotation^noise tlioory ( reference 2) 
does not check with experiment in some respects, especial-* 
ly in the details of spatial distribution and time phase 
of the harmonics ; Wt the theo^sr does predict to a fair 
degree of accuracy the energy radiated as sound and the 
maximum sound pressures ehc otinteredv She general shape 
of the spatial distribution of sound pressure of the fun** 
damental and the second harmonic for a two-blade propel- 
ler is fa,irly well given by theory. For higher harmonics, 
the distribution is not so well given by theory. The use 
of the theory docs, however, give relatively accurate val- 
ues for the magnitudes to be expected,' which is perhaps 
all that is required in sound research where one is deal- 
ing with sound levels in decibels, instead of percentages. 



TH30HY OF EFFECT OF TORQUE AHD THETIS I 



Gut in ( reference 2 ) s tar t s hi s deri vat i on f or the 
effect of torque and thrust with 

-ikr 



(x .1 t y A + z ±)£T1 • (i) 

V oi dv 3z / t 



4Trkpc v ^ ax dy dz 

a n d a r r i v e s at t h e result 

P = - ^ j- P cos $ + r I Jmn ( kS sin ■*) (2) 

2-rrcr |_ uijE^j 

Equation (l) employs the standard notation used in acous- 
tics, X, Y, and Z being the components of force ex- 
erted by the blade element on the medium. Some of the 
symbols used by (Jut in are different from those used by the 
1T.A.C.A. in acoustics; in order to avoid confusion, the 
following table, whi-ch compares acoustic symbols, has 
'been included in this paper. 
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Item 


(hit in 


I.A.C #A» 


Mass density of medium 


P 




P 






Velocity of sound 


c 




c 






Angular velocity 








? 
R 




frequency, cycles per second 


f 




f 






Wave length 


A 




A 






Distance of microphone to 


r 




X 






IJiim "h o t* n *P "h 1 p rl p 

43 l.Liil Ut3i V.l UiCiUCp 


n 




XI 






D t* r' pi 1 n t b p t* oti i f* 

y i it. O J, v i. c*j J. iii w a* J- v* 


m 




1 






I'll Til <3 1*, 
XJ.il u. o u 


P 




T 






Total thrust 


P 




?0 






^ n v mi p 


M 




% 






rp ^ + <\ "1 4r n t* n ii p 


M 




Qo 






"P t» n *r» 1 *i j-n y* o i n c 

rx x x cou. j. u. » 


E 




i 






PvatipI 1 ot 1 "h"t"n a rl ii <s 

X i U jJ X i. U X V «*. jJ A CV U. ..w U. Q 






R 0 






Jj X ct U. <3 -L '•J ^4 v ii U p u a y X U XX 
OuC IjXOi; V U J- U U JL b J 






x = 
Y 


E 

*0- 




Angle in disk from reference 


e 




e 






Direction from front of disk 












Bess el function argument 




sin d 


El = 


qn sin 


H c 


S o und p res s ur e 


P 










H a r m o n i e power, watt s 


¥ 




p 

on 






Cons tant s 


— mm 
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Item • 


Out in 




Solidity 

D i s t r i "but ion exponent 

Bessol function of first 
k i n d o f order qn 


J mn 


cr 

a, b , e , and f 
J qn 



Gutin, in the course of his derivation of equation 
(2), develops the relation for the sound pressure at a 
distant point due to the torque and the thrust from an 
clement of radius cLE* This relation, expressed in the 
S.A.C.A. dcoustic notation, is 



qm) / clT n c c!Q\ _ . , r . 

dp nri = (- — cos 0 4* — — — r cinn ( m ) d ^ ( 3 ) 

^ a 3n-cl \ dE dE/ q - n 

ff. r o m t h is r c 1 at i o n .,. Gut in, b j s tudied a p p r o x im a t i on s » a r - 
rives at the re la t ion given in e qua tion ( 2 ) . 

The xi s c of simple relations to represent the t o r que 
and the t h r u s t distribution mak c s it quite feasible to 
integrate over the entire disk. An equation resulting 
from this integration will 'show the effect of torque and 
thrust distribution on the sound pressure of the harmonic 
components • 



By the use of 



dE 



a . b 



U ) - (£) .! 



and 




for the thrust and the torque distributions* respective- 
ly, equation (3) can he integrated. The constants ICj 
and Zq in equations (4) .and (5) can "bo found by ante*- 



I.A.O.A. Technical Hot e .Jfo , 747 



5 



grating with respect to E from 0 to E 0 . The result 
is 

K - 'l«L f (a 4- l)(h + 1) ] 



(6) 



and 



q 0 r(e + i)(f + D 



(f -e) 



(7) 



where the subscript o refers to the values at the tip 
and to integrated value s • 

&T dQ 

Substitution of the valf.es for — — and • — - in e.qua~ 

dlt dE 

tion (.3) gives 



P 



qn 



2rr e I 



o f>oa (a+ l)(h+ 1) 

COS p - 



(h - a) 



\e 0 y Vr 0 / 



cQo (o+ l)(f + 1) 



UJS 0 E 3 (f - e) 



Integration of equation (8) gives 



P 



qnuu 

^ = *2ttcI 



|- 5 0 cos £ (a + 1) (h 4 l) 



a 4- 1 ) ( qn 4- "b 4- 1 ) 



mo 2 



2 ( 2 qn 4- -.2 ) ( qn * a 4 3 ) ( qn + "b + 3 ) 

4 

m o . 

2 x 4(2qn 4- 2) (2qn + 4) (qn 4- a 4 5) ( qn 4 t>-+ 5) 



% (o+ X)(f 4 1) 



m n 2 



m 0 4 



2x4(2qn+ 2) (gqn+4) (qn4-e43) (qn+f+3) 



_ ( qn4 o - 1 ) ( qn+f~l ) 2(2 qn+ 2) ( qn4- e+ 1 ) ( qn+ f 4 1 

} 



m ^ 
0 O) 



2 qn (qn)J 
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where m y Q « qn sin j3 It can "be shown that the argu- 

ment m 0 is equal to A , g x3 r or the number of 

X . 

wave lengths contained in a distance: equal to tt times 
the diameter projected on the line to the observer* 

Equation (8) could have "been integrated in terms of 
a series of Bessel functions, for which tables could be 
used; but the expression resulting therefrom would be more 
cumbersome to use than equation (9) , at least for the 
smaller values of qn. 



BE FEES IT 01 COIJDITIOIS 



The conditions under which the calculations for the 
sound pressures and the experimental tests were made are: 

ITumbe.r of propeller blades n, 2. 

Blade radius to tip H 0 , 4.75 feet. 

Blade section, 6* 

Blade angle at 0.75K Q a, 5°, 

Distance of microphone to propeller center \\ 85 feet* 

Total thrust at propeller speed of 1,700 r •p.m. 

fJL - 0 Yt o , 668 pounds:. 
\ nD J 

Total torque at propeller speed of 1,700 r.p.m. 

fJL =5 0 Vq 351 pound-feet. 
VnD / 

Specific acoustic resistance pe, 42 grams per sec- 
ond cent imet er s • 

The data for the polar curves were obtained at a con- 
stant propeller speed of 1,700 r.p.m. and with tho azimuth 
angle P between propeller axis and microphone changed in 
steps of 15°. £or the speed runs, the angle was held at a 
constant value of 120° for the fundamental, 110° for the 
second and the third harmonies , and 102-l/2° for the fourth 
harmonic, while the speed was varied from minimum to maximum. 
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COMPASISOn OF EXPEE1MSHTAL 'AHD CALCULATED SOUJTD FliESSUItES 

The calculated and the experimental sound pressures 
are compared for the first four harmonics of the sound for 
the reference conditions . She comparisons are for (l) the 
polar distribution of sound and (2) the variation of sound 
pressure with propeller speed , for a f ixed polar angle . (3 
f r 0 m the p r op e 1 1 e r ' ai is. 

Figure 1 shows the variation of sound pressure with 
p for the first four harmonics. She polar dis t ribut ion 
of the sound pressures is represented by three curves: one 
from experimental values, the second from values -calculat- 
ed from equation (2), and the third from equation (9). In. 
equation (2), P and M arc the total torque and thrust, 
respectively, and xL = 0.75E 0 . For use in equation (.9) , 
a ■■=? 2, b *a 12, e = 2, and f w 12 (see fig. 2); these 
parameters give the t h r us t a n d t h e tor que d 1 s t r lb ut i 0 n 
fairly well for the blade angle used with- zero advance, 
V/ nD = 0* It should "bo added that the theoretical values 
were multiplied by <J2 for plotting and for comparison 
with the experimental values. Because the microphone was 
on the ground, it was necessary to multiply the theoretical 
values 'by 2 and, because the equation gives maximum values, 
division by v / ~2~ will give root-mean-squaro values for which 
the microphone is calibrated* 

For the given directions or angles the logxo °£ 

the sound pressure p^ u is shown plotted against log 10 V 0 /c 

(speed runs) in figure 3. figure 3(a) shows the experimen- 
tal valxies; figure 3(b) shows the values obtained from 
equations (2) and (9). The mean slopes of these graphs are 
shown in figure .4 plotted against qn. 

EFFECT OF IUMBBE OF BLADES 



Hotico that., in the formulas, q and n appear only 
as the product qn. Thus the sound pressure of a certain 
frequency is the same who ther the fundamental of a four- 
blade propeller or the second harmonic of a two^blade pro- 
peller is concerned, provided that the total thrust and 
torque are the same. .IJoto that only multiples of the fun- 
damental of each propeller occur* 
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Pigure 5 shows the sound pressure p^ n plotted 

a g a i n s t qn for the reference conditions given e a r 1 i e r 
with the thrust and the torque fixed • It will "be realized 
the qn mus t he a whole number ; obviously, values between 
whole number s have no practical neaning. 

Jot a two-blade propeller, the values of qn for the 
harmonics would ho 2, 4, 6, 8, 10, 12, etc.; for a three- 
blade propeller, 3, 6, 9, 12, 15, 18, eto. ; for a four- 
blade propeller 4., 8, 12, 16, 20, 24, etc., For any value 
of tip speed used,, the sound pressure of all the harmonics 
for any condition can be estimated from curves like those 
! in figure 5* It nust be remembered that the sound pressure 
is proportional to the torque and the. thrust as shown in 
equation (9) and that figure 5 is plotted for the 'given con- 
ditions with p * 110°. 



POWER RADIATED AS ROTATION ITOISS 



lor nornal conditions, the power radiated as sound is 
largely made up of rotation noise. The power involved in 
the vortex noise is relatively small except at low values 
of 7 0 /c. This conclusion woxild be true for propellers 
with two or three blades; it is possible, however, that 
the power involved in vortex noise may be equal to or even 
greater than that due to rotation noise for a large number 
of blades. 

The power in watts radiated can be obtained by sub- 
s t itut ing the data given ho re in in the r elat i on (see ref- 
erence 2) 

Ball 2rrl 2 sin '-p dp (10) 

For this relation, the data given by the polar curves 
of the sound pressures can be used. These data were meas- 
ured at 15 intervals up to 360°, making 24 values for the 
complete polar circle. Since sound pressures wore measured 
on both sides of the 0° - 180° axis, the square of each 
pressure measured from 0° to 180° should be added to the 
square of the corresponding pressure on the opposite side 
of the axis and the mean of these two squares bo taken. 
This computation will result in 12 values of Pqn 2 
the experimental sound pressure consistent with the range 
of the integral 0 to tt. An important fact to remember is 




IT.iUO.A, Technical Hot e Ho* 747 



9 



that the values of p qn used in oauation (10) refer to 
the yalues of pg^ calculated fr on equations (2) and (9)$ 

which are naxinuo yalues of the sinusoidal- sound pres- 
sures calculated for' free space* The sound pressures 
rioasured by the nicrophono on the ground are double the 
values that vrould he neasurod in the sano relative loca~ 
t ions in free space. If yalues wore taken from figure 1, 
they nust therefore he. divided /by *fH. Equation (10) then 
bocones, with Vqxi a s the ncasured pressures, 



cm 



10 



~v 12 



2 X 12pe 



Li 
0 



Pqn - sin P 



(11) 



the' first four 



Pan 

~ 2, 4, 6, and 8, by three nethods: (l) fron 



The values of p„„ wore obtained for 
harnonies qn 

the experimental data; (2) fron equation (2); (3) fron equa- 
tion (9) with x n .* used for the thrust and the torque 
distribution. All other reference conditions \tfere the s an c . 
The calculations of the 730wcr radiation, . expressed in watts, 
arc eonparod in the fallowing table: 





Exper inental 
data 


Equation (2) 


Equation (9) 


p iXa 


18.2 


ft (18.5 


n.& 7 .4 


? 2X2 


6*3 


5.6 ? • 8 


£2 2.6 


P3X2 


2 , 9 


H .8 




? 4X2 


1*2 


.1 -2 


•7.' «35 



These listed values of power radiated by the first 
four harnonies are plotted on senilog paper in figure 6* 

The sun of the v/atts,£es for the first four harnonies 
gives very nearly the total power in the rotation noise* 
Fron the three different nethods of calculation, the powers 
are 
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Experiment , 




~ 28 . 7 watts . 



qn-2 



Equation (2), ) = 12.3 watts, 3.68 

/ 1 decibels below 28.7 

qn~2 watts . 



Equation (9), \ P qn~ 1]L » 3 watts, 4.04 

/_ x decibels below 28.7 

watts , 



Discussion 



In the course of the experimental work connected with 
this paper, the question of interference appeared. With 
the microphone placed 5 feet above the ground, data were 
obtained that gave s'peod-rttn curves which if ere less steep 
than theory indicated, particularly for the third and the 
fourth harmonics. The .polar curves obtained with the mi- 
crophone in" this position did, however, check reasonably 
well with the theory. 

With the microphone on the ground, the position used 
for the data presented herein, the slopes of the speed- 
run curves were steeper than theory indicated except that 
for the fourth harmonic, which was less steep than the 
theory indicated. This result is shown in figure 4* The 
slopes shown in figure 4 obtained from equations (2) and 
(9) are very nearly the same . The polar curves give a 
fair check for the first and the second harmonics, but the 
third and the fourth harmonics show a discrepancy of about 
4.6 and 6.4 decibels, respectively, for power radiated. 

As might be expected, the first harmonic showed little 
effect of interference because the wave length was about 
20 feet for a propeller speed of 1,700 r.p.m. This wave 
length was sufficiently large compared with the mesh of the 
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nearby "6b ject s and the roll of the ground that the acous- 
tic image of the propeller was fairly definite but was 
probably not definite enough for the higher harmonics* 

As has probably been observed, the curves obtained 
from equations (2) and (9) do not check in absolute mag- 
nitude* Jor the first, and the second harmonics, the use 
of equation (2) results in' the higher values, giving the 
better check of theory with experiment. The opposite is 
true for the third and the higher harmonics because equa- 
tion (9) gives the larger values. In equation (2), how- 
ever, 0.75R o was used for E for all harmonics; whereas, 
pr ogress ively larger values should have been used for the 
higher harmonics • .. If larger values of R had been used 
in equation ( 2) , as Gait in suggests in his s tudied approxi- 
mations, the difference in sound pressures obtained, from 
equations (2) and (9) would have been small. 

As higher harmonics and a greater, number of blades 
are* considered, the thickness: effect becomes more impor- 
tant relative to the thrust and the torque effect, partic- 
ularly at high' V 0 /c. This conclusion is. drawn from a 
study of the effect of q and n in equations (2) and (9) 
compared with the effect of q and n in equation (19) of 
reference 1 . 

A better approach to experimental data can be obtained 
by including t hi ckn ess effect than from e qua t i on ( 2 ) or 
(9) alone. If the square root of the sum of the squares 
of the sound pressures obtained from equation (9) and from 
equation (19) of reference 1 were calculated , better com- 
parison with experiment should result. A difference in 
tine pha$e occurs between the thickness effect and the 
thrust and torque effect, the Fourier series for the thick- 
ness effect being a sine series and that for the thrust 
and torque effect being a cosine series; hence, the square 
root of the sun of the squares is suggested. 

For convenience, equation (19) of reference I for 
thickness effect .is repeated as equation 5 (12) of this paper. 




m 0 



n 



4 



o 



(12) 



2(2qn+2) (q.n+3) 



2x4(2qn+2) (2qn+4) (qn+5) 



» • •• 
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where 



a 



qn ** 




f(a,b) = -§ # (f or typical symmetrical airf oil- section) . 

a ' is one-half max i nun thickness at a Id out 0 ♦ 80R Q • 

b, chord at about 0 . 80H 0 * j 

and all of the other symbols are the sane as those used In 
the present paper. As equation (1.2) gives twice the free-* 
space root-nean-sparo values, all values obtained fron 
equation (12) oust be divided by ,j2~ in order to be used 
with the values obtained fron equation (2) or (9). 

.-■ She ' ques ti on of solidity cr is of importance in de- 
tern in ing the Fourier coefficients; for the appr oxine,t ioiis 
made in deriving equations (2), (3), and (12), the angle 
qnb/R oust therefore "be reasonably snail. If qnb/R is 
not snail, errors "in the calculation of p^ n will arise?- 

but it is believed that harnonic s up to the order of 1/2(7, 
one— half the reciprocal of the solidity, can be calculated 
by equations (2), (9), and (12) without serious error fron 
this cause. The solidity a* can be expressed by nb/ 2ttE. 

A good descriptive article by II. ?. Dowell on the que s - 
ti on of vortex noise (reference 3) recently appeared as a 
result of some investigations of fan noise. This work in- 
volved low tip speeds so. that practically all of the noise 
generated was due to vortices trailing from the blades* If 
sufficiently high values of tip speed had been used in the 
tests, rotational p. o i s e would have had to be' considered 
and would have 'Sominatcd the . acoustic spectrum from the fan. 
The importance 1 of the rotation noise at high tip speeds is 
due to the fact that rotation noise generally increases 
with a. greater power of ; V 0 /c than does vortex noise.. It 
is found from figure 4 that rotation noise power radiated 
in the harmonics varies approximately as trie 6 4- 5/3 qja 
power of Tq/c, but the power -radiated as vortex noise . 
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COKCLUSIOJSTS 



1. The theory gives values of total power radiated in 
the first four harmonics within 4 decibels of experimental 
values • 

2# This study shows that the experimental results are 
in reasonably good agreement with Gut in ! s theory. The 
agreement is particularly good for the lower harmonics, in 
regard to both magnitude and distribution. 

3* For the fourth harmonic, the results differ by as 

much as 8 decibels. This disagreement might be due to 

disregard of the thickness effect, which, in general, 
should be greater for the higher harmonics • 

4. It has been shown that the power output in rota- 
tion noise increases as the 5+5/3 qn power of the tip 
speed, 

5. The sound calculated by use of the x 2 ~ x 12 dis- 
tribution checks reasonably well with the sound calculated 
by : Gu tin's formula using 0.7 5R 0 as representative. 

Langley Memorial Aeronautical Laboratory, 

Hational Advisory Committee for Aeronautics, 
Langley Field, Ta. , November 27 , 1939. 
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with qn. harmonics. Values obtained from experimental 

data, equation (2), and equation (9) for the reference 
conditions. 
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Figure 5.- Variation of P an with qn for six values of V 0 /c at 0 « 110°, Thrust and torque constant 
at given reference condition* 



